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Abstract
Formation of the adenohypophysis in mammalian embryos occurs via an invagination of the oral ectoderm to form Rathke’s pouch,
which becomes exposed to opposing dorsoventral gradients of signaling proteins governing specification of the different hormone-producing
pituitary cell types. One signal promoting pituitary cell proliferation and differentiation to ventral cell types is Sonic hedgehog (Shh) from
the oral ectoderm. To study pituitary formation and patterning in zebrafish, we cloned four cDNAs encoding different pituitary hormones,
prolactin (prl), proopiomelancortin (pomc), thyroid stimulating hormone (tsh), and growth hormone (gh), and analyzed their expression
patterns relative to that of the pituitary marker lim3. prl and pomc start to be expressed at the lateral edges of the lim3 expression domain,
before pituitary cells move into the head. This indicates that patterning of the pituitary anlage and terminal differentiation of pituitary cells
starts while cells are still organized in a placodal fashion at the anterior edge of the developing brain. Following the expression pattern of
prl and pomc during development, we show that no pituitary-specific invagination equivalent to Rathke’s pouch formation takes place.
Rather, pituitary cells move inwards together with stomodeal cells during oral cavity formation, with medial cells of the placode ending up
posterior and lateral cells ending up anterior, resulting in an anterior-posterior, rather than a dorsoventral, patterning of the adenohypophysis.
Carrying out loss- and gain-of-function experiments, we show that Shh from the ventral diencephalon plays a crucial role during induction,
patterning, and growth of the zebrafish adenohypophysis. The phenotypes are very similar to those obtained upon pituitary-specific
inactivation or overexpression of Shh in mouse embryo, suggesting that the role of Shh during pituitary development has been largely
conserved between fish and mice, despite the different modes of pituitary formation in the two vertebrate classes.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Responding to nervous and hormonal signals from the
hypothalamus by the secretion of its own hormones, the
pituitary gland constitutes an anatomical and physiological
link between the nervous and the endocrine systems to
control several basic body functions, such as somatic
growth, osmoregulation, metabolism, behavior, and repro-
duction. The mammalian pituitary consists of two major
parts, the neurohypophysis, forming the posterior lobe of
the gland, and the adenohypophysis, forming its anterior
lobe. The neurohypophysis is of neuronal origin, deriving
from the infundibulum, a ventral evagination of the hypo-
thalamus, while the adenohypophysis derives from the pla-
codal ectoderm at the anterior neural ridge, in amphibia also
referred to as the stomodeal-hypophyseal placode (Hausen
and Riebesell, 1991; Schweickert et al., 2000; Baker and
Bronner-Fraser, 2001), which will initially become oral
ectoderm, followed by a dorsal invagination to form Rath-
ke’s pouch.
Pituitary glands and their roles appear to be specific
features of vertebrates. In invertebrates, including nonver-
tebrate chordates, no similar glands associated with the
central nervous system could be identified (Norris, 1997).
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The mature adenohypophysis contains six to seven different
hormone-producing cell types, which are defined by the
peptide hormones they produce and release: corticotropes
secreting adrenocorticotropin (ACTH), melanotropes se-
creting melanocyte-stimulating hormone (MSH), both made
via proteolytic cleavage from a common polyprotein pre-
cursor encoded by the proopiomelanocortin (pomc) gene,
thyrotropes secreting thyroid-stimulating hormone (TSH),
gonadotropes secreting luteinizing hormone (LH) and fol
licle stimulating hormone (FSH), somatotropes secreting
growth hormone (GH), and lactotropes secreting prolactin
(PRL). These different cell types arise from a common
primordium in a defined temporal and spatial order.
In amniotes, the development of the adenohypohysis has
been shown to occur in distinct steps. First, organ compe-
tence is set up in the anterior neural ridge (e7.0), followed
by organ determination and nascent pouch formation, visi-
ble as a thickening in the oral ectoderm (e8.5). This pouch
rudiment invaginates dorsally into the diencephalic region
of the brain, followed by its complete detachment from the
oral cavity by ventral pouch closure (definitive pouch for-
mation; e9.5–e11.0). Within the developing pouch, the dif-
ferent pituitary cell lineages are determined, followed by
proliferation and sequential terminal differentiation of the
different pituitary cell types (e11.5–e14.0) (reviewed in
Dasen and Rosenfeld, 1999a,b; Kioussi et al., 1999; Sheng
and Westphal, 1999; Treier and Rosenfeld, 1996).
Several signaling proteins and transcription factors in-
volved in the different steps of pituitary formation have
been identified. Organ commitment and formation of the
rudimentary pouch is induced by signals coming from a
region in the ventral diencephalon, which itself will evagi-
Fig. 1. Amino acid sequences of zebrafish Prolactin (Prl) (A), Proopiomelanocortin (Pomc) (B), and Thyroid-stimulating hormone  (Tsh) (C), aligned with
the Prl homologues from carp (cPrl; S01435), bullfrog (fPrl; 482650), mouse (mPrl; CAA26651), and human (hPRL; A61402), with the Pomc homologues
of carp (cPomc I; CAA74968), Xenopus laevis (xPomc; CAA29374), mouse (mPomc; P01193), and human (hPOMC; CAA24754), or with the Tsh
homologues of carp (cTsh; AB003585), Xenopus laevis (xTsh; L07618), mouse (mTsh; AAA40492), and human (hTSH; NP_000540). Identical amino acid
residues are boxed. Note the internal deletions in zebrafish and carp Pomc, which should affect -MSH and -LPH (lipotropic hormone), but not ACTH,
-MSH, and -Endorphin, as indicated.
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nate ventrally to form the infundibulum/neurohypophysis.
Absence of the ventral diencephalon, as in nk2.1 (T/ebp) or
sonic hedgehog (shh) mutant mice (Kimura et al., 1996;
Pabst et al., 2000; Treier et al., 2001), leads to a complete
failure to form a pouch rudiment. While a direct role of Shh
during pituitary induction has not been investigated as yet,
due to its upstream function during diencephalon formation,
mutational analysis has uncovered the bone morphogenetic
protein Bmp4 as one of the diencephalic signals required for
pouch induction (Ericson et al., 1998; Takuma et al., 1998;
Treier et al., 1998). Pouch specification is characterized by
the expression of the LIM homeobox genes Lhx3 and Lhx4,
which are activated throughout the pouch primordium,
while expression of Bmp2 is activated at its borders, later
forming the ventral base of Rathke’s pouch. Development
from the rudimentary to the definitive pouch relies on the
function of either Lhx3 or Lhx4, with Lhx3 being especially
required for the later growth of the pouch and the formation
of the different pituitary cell types (Sheng et al., 1996, 1997;
reviewed in Sheng and Westphal, 1999). Differential pro-
liferation and differentiation behavior of cells along the
dorsoventral (DV) axis of the pouch is further governed by
various signaling proteins (reviewed in Dasen and Rosen-
feld, 1999a; Kioussi et al., 1999). On the ventral side, these
signals are Shh, coming from the oral ectoderm (Treier et
al., 2001), and Bmp2, coming from the ventral base of the
pouch (Ericson et al., 1998; Treier et al., 1998); on the
dorsal side, it is the fibroblast growth factor Fgf8, coming
from the infundibulum (Ericson et al., 1998; Treier et al.,
1998). Data obtained with transgenic mice indicate that Shh
and Fgf8 promote the proliferation of pituitary precursor
cells (Ericson et al., 1998; Treier et al., 2001), while Bmp2
blocks their terminal differentiation (Treier et al., 1998),
thereby accounting for the differential timing of cell differ-
entiation along the dorsoventral axis of the pituitary. In
addition, Shh and Bmp2 promote the formation of ventral
(late differentiating) cell types (gonatotropes and thyro-
tropes; Treier et al., 1998, 2001; Ericson et al., 1998),
whereas Fgf8 promotes the formation of dorsal cell types,
which differentiate earlier (corticotropes and melanotropes;
Ericson et al., 1998; Treier et al., 1998).
Pituitary development in zebrafish is much less under-
stood. Several homologues of transcription factors involved
in early steps of murine pituitary development have been
cloned and analyzed (reviewed in Baker and Bronner-
Fraser, 2001). However, while the expression of most of
these genes is too widespread or too transient, only the
zebrafish Lhx3 homologue lim3 has been used as a marker
to conduct a primary analysis of zebrafish adenohypophysis
development (Glasgow et al., 1997). These studies indicate
that pituitary cells do indeed derive from the anterior neural
ridge. Also, a single pituitary cluster could be identified at
28 hpf, without any previous signs for morphogenetic
movements equivalent to Rathke’s pouch formation. How-
ever, due to the lack of markers for zebrafish pituitary
hormones, it remained unclear when and in which pattern
terminal differentiation of the different pituitary cell types
occurs under these apparently different conditions of pitu-
itary morphogenesis.
Here, we try to fill this void by cloning four cDNAs
encoding different zebrafish pituitary hormones, pomc, prl,
tsh, and gh. We show that differentiation of the different
pituitary cell types occurs in a strict temporal and spatial
order, starting when cells are still organized as a placode in
the anterior neural ridge. Movement of pituitary cells into
the head is coupled and most likely driven by the invagi-
nation of the stomodeum, leaving pituitary cells in a sub-
epithelial position directly underneath the oral roof epithe-
lium. Thus, fish and mammals appear to display crucial
differences both in pituitary morphogenesis and the timing
of pituitary cell differentiation. The isolated hormone
cDNAs will be used to compare the mechanisms of pituitary
formation in fish and mouse, taking advantage of existing
zebrafish mutants. As a first example, we have analyzed the
role of Shh (Krauss et al., 1993). The similarities of ze-
brafish (Schauerte et al., 1998) and mouse mutants (Treier et
al., 2001) suggest similar roles of Shh during pituitary
formation in the two vertebrate classes, despite the different
architectures of the pituitary primordia, and although the
effective Shh protein appears to be provided by different
tissues, the oral ectoderm in mice and the ventral dienceph-
alon in fish.
Fig. 2. Zebrafish prl, pomc, tsh, and gh show a differential temporal
expression profile. RT-PCR analyses at indicates stages (h, hours after
fertilization), with ef1 as loading control. prl and pomc are already
expressed at 24 h, while tsh and gh transcripts are first detectable from 42 h
onwards.
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Materials and methods
Cloning of pomc, prl, and tsh cDNAs
All three cDNAs were cloned by degenerate reverse
transcriptase polymerase chain reaction (RT-PCR) with to-
tal RNA isolated from wild-type zebrafish embryos and
degenerated primers deduced from highly conserved amino
acid sequences. PCR products were cloned into pCRII (In-
vitrogen) and sequenced. To obtain the 5 and 3 sequences,
RACE-PCR was carried out with the SMART RACE cDNA
Amplification Kit (Clontech). Finally, regular RT-PCR was
Fig. 3. Zebrafish prl and pomc are expressed in the stomodeal-hypophyseal placode. Single (A, E) and double (B–D, F–H) whole-mount in situ hybridizations
with probes indicated in corresponding colors in top right corner. The age of stained embryos is indicated in bottom right corner (hpf, hours after fertilization).
(D) A lateral view on the anterior region of the head; all other panels show frontal views. (B–D, F–H) are at a threefold higher magnification than (A) and
(E). Frames in (A) and (E) mark magnified region. prl- and pomc-positive cells are intermingled and located in lateral (24 hpf; B, F) or anterior regions (26
hpf; D) of the lim3 domain. At 24 hpf, the number of prl-positive cells is significantly higher than the number of pomc-positive cells (compare F with B).
During further development, the number of pomc-positive cells increases, while the number of prl-positive cells remains largely unchanged, so that at 32 hpf,
the two cell types are present at similar numbers (H). Also, both prl- and pomc-positive cells converge from lateral regions of the pituitary anlage toward
the midline, while lim3-positive cells initially located medially move posteriorly (compare B–D; see also Fig. 7 for schematic illustration; domains I, II, and
III are indicated).
Fig. 4. The pituitary anlage moves into the head via a common invagination of the hypophyseal-stomodeal placode. (A–G, I, J) pomc expression. (H) gh
expression. Embryos in (B) and (G) are counterstained for nk2.1 in red. Ages of embryos are indicated in bottom-right corner (hpf, hours after fertilization).
(A–G) Lateral views. (H) Transverse section through pituitary (compare with histological sections of larvae at 72 and 120 hpf at http://zfin.org/zf_info/
anatomy/dev_atlas.html). (I, J) Frontal views (with magnification of pituitary region in insets). (D) Magnified pituitary region of embryo shown in (C).
Putative hypothalamic pomc-positive cells in (A, C, E, G, J) are indicated by arrows. Note the progressive spreading of pomc-positive cells along the
anteroposterior axis in (A–E), leading to two distinct pomc domains at the anterior and posterior ends of the pituitary anlage (F, G). Abbreviations: oc, oral
cavity; fg, foregut; ca, cartilage.
Fig. 5. Patterning of the zebrafish pituitary at 120 hpf. (A–F) Double in situ hybridizations, with probes indicated in top right corner in the corresponding
colors. (A–E) Ventral view. (F) Sagittal section. (G, H) Schematic drawing of the pituitary composition in zebrafish larvae at 120 hpf (G; ventral view) and
in adult teleost, modified from Norris (1997) (H; lateral view). A, corticotropes; M, melanotropes (both stained by pomc); P, lactotropes (prl); S, somatotropes
(gh); T, thyrotropes (tsh); HN, endorphin-expressing hypothalamic neurons; in (H), the rudimentary neurohypophyis (infundibulum) is marked in gray.
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carried out to obtain full-length cDNAs in one piece, fol-
lowed by cloning of the fragments into pCRII and sequenc-
ing.
For pomc, nested degenerate RT-PCR was applied, using
primers AC(ACGT) GA(CT) GA(AG) AC(AGCT)
CC(AGCT) GT(AGCT) TA(CT) CC (outer sense), T CAT
(AG)AA (ACGT)CC (ACGT)CC (AG)TA (ACGT)C(GT)
(CT)TT (outer antisense), ATG GA(AG) CA(CT) TT(CT)
(AC)G(ACTG) TGG GG (inner sense), and (AG)AA
(AC)TG (CT)TT CAT (CT)TT (AG)TA (inner antisense).
Used RACE primers were TCA CTC ATC CTT CCT CGG
TTG GTC (5) and CA GAG ATG AGA CGC GAG CTG
GCA (3). For prl, degenerated primers were CG(CT)
CC(AG) TC(GT) ATG TG(CT) CAC AC (sense) and
AG(AG) AC(CT) TT(GCT) AGG AA(AG) CTG TC (an-
tisense), and RACE primers were GCC CAT CTT GTG
TAC GAC GTG CTC CAG (5) and AGG CCT GGA GCA
CGT CGT ACA CAA GAT G (3). For tsh, degenerated
primers were CA(AG) GA(AG) TG(CT) GT(AGCT)
(sense), (CT)TC (AG)TA (CT)TG (CT)TC CCA (AG)TA
(AGCT)GC (CT)TG (antisense), and RACE primers were
GCG CTG CGG GTT CTA AGG GCA (5) and GCC GAT
GTG TGC CCC CAC TGA C (3).
Temporal expression profiles
Stage-specific total RNA of 50 embryos each was iso-
lated by using Trizol LS reagent (Gibco/BRL). One micro-
gram of total RNA was used for reverse transcription (Su-
perscript, Gibco/BRL). PCR conditions for pomc, prl, tsh,
and gh were: 94°C (3 min), 30 cycles of 94°C (30 s), 62°C
(30 s), and 72°C (1 min), followed by extension at 72°C for
5 min. Primers were: pomc, TGC ATA CAA TTA TGC
AGG TCTGAA (sense), ATG GGT CTG CGT TTG CGG
CCG AC (antisense); prl, GAG GAC CAC ACA GAT TCA
CGC AAG (sense), TAG CAT TCA CAC TGA GAG CAG
CAG (antisense); tsh, AGT CTT CAT GCT CAT GGG
AAC AG (sense), TGA ACC CTA TTA AAA CCA CAC
CT (antisense); and gh, GCT GGT GAA GGT GTT GCA
CAC G (sense), TCA GGT CGG CCA GTT TAT CAG TG
(antisense). As a control, PCR for zebrafish ef1 (Nordness
et al., 1994) was carried out, running 24 cycles at an an-
nealing temperature of 60°C with primers TCA CCC TGG
GAG TGA AAC AGC (sense) and ACT TGC AGG CGA
TGT GAG CAG (antisense). PCR products were separated
by 2% agarose gel electrophoresis.
RNA injections and in situ hybridization
Zebrafish shh mRNA was synthesized and injected as
previously described (Hammerschmidt et al., 1996a). As
shh mutants, syut4/t117 transheterozygotes were generated by
crossing a t4 and a t117 carrier (Schauerte et al., 1998).
Mutant embryos were identified after in situ hybridization
by their somite phenotype (Schauerte et al., 1998).
Whole-mount in situ hybridization and mounting of
stained embryos was done as previously described (Ham-
merschmidt et al., 1996b). For double in situ hybridization,
probes were labeled by using the digoxigenin or fluorescein
RNA labeling mix (Roche) and detected using anti-digoxi-
genin-AP or anti-fluorescein-AP antibodies (Roche) and
NBT/BCIP or INT/BCIP substrate solutions (Roche).
Plasmids for in situ probe synthesis were linearized and
transcribed as follows: pomc, HindIII, T7 RNA polymerase;
prl, KpnI, T7 RNA polymerase; tsh, HindIII, T7 RNA
polymerase; gh, SmaI, T7 RNA polymerase; lim3 (Glasgow
et al., 1997), BamHI, T3 RNA polymerase; nk2.1 (Rohr and
Concha, 2000), SacII, T3 RNA polymerase; shh (Krauss et
al., 1993), HindIII, T7 RNA polymerase.
Paraffin sections of stained embryos were done as pre-
viously described (Bauer et al., 1998) and counterstained
with Fuchsin (Fluka). For blue/red-stained embryos, cryo-
sections were done as described (Westerfield, 1994).
Results
Cloning of the zebrafish prl, pomc, tsh, and gh cDNAs
To obtain tools to study morphogenesis and patterning of
the adenohypophysis and terminal differentiation of pitu-
itary cells in zebrafish, we carried out degenerate PCR and
5 and 3 RACE to clone full-length cDNAs encoding
different zebrafish pituitary hormones: Prolactin (Prl),
marking the lactotropes; Proopiomelanocortin (Pomc),
marking melanotropes and corticotropes; the -subunit of
Thyroid-stimulating hormone (Tsh), marking thyrotropes;
and Growth hormone (Gh), marking somatotropes.
The zebrafish prl cDNA is 1386 nt in length (GenBank
Accession No. AY135149) and contains 51 nt 5 UTR, 633
nt coding region encoding a polypeptide of 210 amino acid
residues (aa), and 702 nt 3 UTR; the pomc cDNA contains
89 nt 5 UTR, 669 nt coding region (222 aa) and 288 nt 3
UTR (GenBank Accession No. AY135148); and the tsh
cDNA contains 50 nt 5 UTR, 447 nt coding region (148
aa), and 295 nt 3 UTR (GenBank Accession No.
AY135147). To the corresponding human hormones, amino
acid identities are 31.5% for Prl, 37.1% for Pomc, and
38.4% for Tsh (see also Fig. 1). However, to the hormones
from carp, identities are significantly higher (90.9% for Prl,
84.7% for Pomc, and 86.5% for Tsh), indicating that the
cloned zebrafish cDNAs are indeed the zebrafish ortho-
logues. The isolation of the zebrafish gh cDNA is described
elsewhere (J.-W.T. and C.-Y.C., unpublished observations).
Temporal expression pattern of zebrafish prl, pomc, tsh,
and gh
Terminal differentiation of the different pituitary cell
lineages is marked by the expression of their characterizing
hormones. By RT-PCR expression analyses, we show that
hormone expression is initiated in a differential temporal
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order. prl and pomc start to be expressed at 24 hpf, indicat-
ing that zebrafish lactotropes and corticotropes are the first
pituitary cell lineages to become terminally differentiated,
followed by thyrotropes, marked by tsh expression, which
becomes detectable at 42 hpf, and subsequently by soma-
totropes, for which gh expression could be detected only
weakly at 42 hpf, but strongly increased at 48 hpf (Fig. 2).
This corresponds to the time course of pituitary cell differ-
entiation in mice, with the exception of the lactotropes,
which are among the first to differentiate in zebrafish, but
the last in mice (Kioussi et al., 1999; see Discussion).
Early spatial expression pattern of zebrafish prl and pomc
in comparison to lim3
Using double in situ hybridization, we determined the
spatial expression pattern of prl and pomc in comparison to
lim3 (Glasgow et al., 1997). Mouse Lhx3, the murine ho-
mologue of zebrafish lim3, is necessary for formation and
growth of Rathke’s pouch, the primordium of the mamma-
lian anterior pituitary. It is also supposed to be required for
the commitment of the pituitary precursor cells toward all
lineages except the corticotropes (Sheng et al., 1996). Its
expression starts at the 20-somite stage (e9.0), preceding
terminal differentiation of the first pituitary cells by more
than 3 days (Burrows et al., 1999; Kioussi et al., 1999;
Sheng et al., 1996, 1997).
Similar to its mouse orthologue, zebrafish lim3 expres-
sion in the anterior pituitary anlage starts around the 21-
somite stage (20 hpf). While initially expressed in a bilateral
fashion on both sides of the anterior neural ridge, the two
expression domains fuse shortly later, leading to a single
lim3 expression domain in the anterior midline at 24 hpf
(Glasgow et al., 1997). Unlike the mouse hormones, ze-
brafish prl and pomc start to be expressed only shortly after
the onset of lim3 expression. Like lim3, prl and pomc
expression starts in a bilateral fashion (Figs. 3A and 3E). At
24 hpf, the prl- and pomc-positive cells occupy the lateral
regions of the meanwhile medially fused lim3 expression
domain (Figs. 3B and 3F). prl- and pomc-positive cells
themselves do not seem to constitute distinct domains, but
rather are intermingled, with prl-positive cells being present
in higher numbers than pomc-positive cells (compare Figs.
3B and 3F, and see below). Medial lim3-positive cells
separating the two populations of lactotropes and cortico-
tropes do not appear to have differentiated as yet, as they are
negative for all tested pituitary hormones. They will most
likely differentiate later to give rise to the thyrotrope, so-
matotrope, and gonadotrope lineages (see below). At 26 hpf,
only 2 h after their appearance, the prl and pomc domains
have come significantly closer to the midline (Figs. 3C and
3G), while the initially medially located lim3-positive cells
have moved posteriorly (Fig. 3D). Thus, it seems that me-
dial cells of the pituitary anlage end up in posterior regions
of the definitive gland, while lateral cells end up anteriorly
(see also Fig. 7 for schematic drawing).
In addition to these spatial rearrangements, we observed
shifts in the relative abundance of prl- and pomc-positive
cells. Thus, the number of prl-positive cells appears to
remain rather constant (approximately 16 cells from 24 to
32 hpf; Figs. 3B, 3C, and 3H), while the number of pomc-
positive cells increases progressively (from 2 at 24 hpf to
approximately 16 cells at 32 hpf; Figs. 3F–3H).
These results indicate that terminal differentiation of the
lactotropes occurs before, and terminal differentiation of
corticotropes while pituitary cells move from lateral to me-
dial/anterior-most regions of the interphase between fore-
brain and non-neural ectoderm. This happens before cells
move into the head (Fig. 3D; see also Fig. 4), pointing to
pituitary patterning mechanisms which take place when
pituitary cells are still organized in the stomodealhypophy-
seal placode.
Morphogenesis of the zebrafish anterior pituitary
Taking advantage of the early and continuous expression
of pomc and prl in corticotropes and lactotropes, we fol-
lowed the movement of pituitary cells into the head. In
mice, the pituitary anlage is formed as a thickening within
a small region of the oral ectoderm (epithelial lining of the
stomodeum), which invaginates toward the diencephalon,
thereby forming a structure known as Rathke’s pouch. The
separation of the pouch from the oral ectoderm at e12.5
coincides with the first detectable expression of a pituitary
hormone, pomc (Burrows et al., 1999; Kioussi et al., 1999).
In zebrafish, as described above, differentiated prl- and
pomc-expressing pituitary cells can already be detected in
the stomodeal-hypophyseal placode, prior to any inward
movement which could be equivalent to Rathke’s pouch
formation. Internalization of the pituitary primordium coin-
cides with oral cavity formation, which starts at 26 hpf,
comprising a posteriorwards invagination of the stomodeal
ectoderm and its eventual fusion with the foregut epithelium
to form a continuous visceral tube. The first pituitary cells to
move inwards/posteriorly are the lim3-positive, pomc- and
prl-negative cells initially located in medial regions of the
placode (Fig. 3D), followed by prl- and pomc-positive cells
between 32 and 45 hpf (Figs. 4A–4E). During the entire
course of development (Figs. 4F–4J), the pituitary cells
remain in a subepithelial position dorsal of the oral roof
ectoderm and ventral of the ventral diencephalon (marked
by nk2.1 transcripts in red in Figs. 4B and 4G), indicating
that no further movement equivalent to Rathke’s pouch
formation takes place.
While the expression pattern of prl, apart from the mid-
line fusion and the posterior movement, is stable, the pomc
expression pattern shows some further dynamics. First,
from 24 hpf onwards, pomc is also expressed in a subset of
cells which, although in close proximity to the corticotropes
and/or melanotropes, appear to be located outside the ad-
enoyhpophysis. These pomc-positive cells most likely cor-
respond to -endorphin-synthesizing cells described in the
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ventral base of the diencephalon of e10.5 mouse embryos,
which later give rise to the arcuate nucleus of the hypothal-
amus, regulating feeding and fasting behavior (Japo´n et al.,
1994; Young et al., 1998). In 24-hpf zebrafish embryos,
they are initially located anterior/dorsal of the corticotropes
of the pituitary anlage (Fig. 4A, indicated by arrow). During
the further course of development, the cell population ex-
pands, spreads more widely, and acquires the shape of two
slightly bent longitudinal arcs (Figs. 4B–4J), located ante-
rior to the pituitary in ventral regions of the diencephalon.
Fig. 6. Shh is required for pituitary induction, growth, and patterning. (A–C) shh is expressed adjacent to the pituitary anlage. (A) At 22 hpf, lateral view,
showing shh (blue) in the hypothalamus (hyp), and lim3 (red) in the primordium of the adenohypophysis (pit). (B) At 26 hpf, frontal view, showing shh (red)
in the hypothalamus (hyp), and prl in lactotropes (blue). Note that shh expression is strongest in the midline, adjacent to prl-negative medial cells of the
pituitary placode. (C) At 45 hpf, lateral view, showing shh (blue) in hypothalamus (hyp), oral ectoderm (oe), and foregut (fg), and pomc in corticotropes and
hypothalamic neurons (red). (D–J) shh is involved in pituitary induction and/or pituitary growth; (D–F) prl (blue) and lim3 (red), 26 hpf, frontal view, (D)
control; (E) shh mRNA-injected embryo, with many extra prl- and lim3-positive cells in lateral placodal regions; (F) syu mutant, with reduced number of
prl-positive cells (two cells indicated by arrows). (G, H) lim3 (blue), 22 hpf, frontal view; (G) control; (H) syu mutant, with moderately reduced number of
lim3-positive cells, suggesting that pituitary induction is only slightly impaired. (I, J) prl (blue) and lim3 (red), 32 hpf, lateral view; (I) control; (J) syu mutant.
The mutant pituitary is significantly thinner along its dorsoventral axis, with fewer prl- and lim3-positive cells (indicated in I, J by arrowheads and arrows,
respectively), pointing to reduced proliferation and/or maintenance of pituitary cells. (K–N) syu mutants display defective pituitary patterning. (K, L) prl
(blue) and pomc (red), 72 hpf, ventral view; (K) control; (L) syu mutant, with reduced numbers of lactotropes and corticotropes. (M, N) gh (blue); 72 hpf,
ventral view; (M) control; (N) syu mutant, lacking somatotropes.
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In addition, the pomc expression pattern within the pitu-
itary primordium itself changes over time. Between 24 and
32 hpf, pomc-positive cells of the pituitary anlage are orga-
nized in a rather compact fashion (Figs. 4A and 4B), largely
overlapping with the domain of prl-positive cells (Figs. 3I
and 3J), while they become progressively scattered along
the anterior-posterior (AP) axis of the pituitary anlage be-
tween 40 and 50 hpf (Figs. 4C–4E), finally leading to two
distinct domains of pomc-positive cells in the anterior and
the posterior region of the pituitary anlage at 72 and 120 hpf
(Figs. 4F and 4G), with only the anterior domain overlap-
ping with the domain of prl-positive cells (Figs. 5A and
5G). It is currently unclear whether this dynamic pattern
reflects the subsequent activation of pomc expression in
more posterior cells of the pituitary anlage, or progressive
movements of a subset of pomc-positive cells from anterior to
posterior regions of the pituitary (see Discussion and Fig. 7).
prl, pomc, tsh, and gh expression in the anterior pituitary
at 120 hpf
In mammalian embryos, the anterior pituitary has been
reported to be patterned by opposing dorsoventral morpho-
gen gradients, resulting in differential specification into the
different hormone-secreting cells along the dorsoventral
(DV) axis of the pituitary. The pituitary of adult teleosts,
however, has been described to be subdivided along its AP,
rather than its DV axis (see schematic drawing in Fig. 5H,
and Discussion; Norris, 1997).
Consistent with the morphology in adult teleosts, we
found the pituitary of 120-hpf zebrafish larvae patterned
along the AP axis into at least three distinct zones. Most
anteriorly, pomc- and prl-positive cells are intermingled,
most likely representing corticotropes and lactotropes (Fig.
5A). This domain is followed by a middle zone consisting of
gh-expressing somatotropes and tsh-producing thyrotropes.
The distribution of thyrotropes and somatotropes in a “salt
and pepper” pattern within this middle domain can clearly
be seen in cryosections (Fig. 5F). Finally, the third zone is
characterized by another set of pomc-positive cells in the
posteriormost region of the pituitary; in this case, not mixed
with prl-positive cells. These posterior pomc positive cells
most likely represent melanotropes, consistent with the
composition of the adult teleost pituitary (compare Figs. 5G
and 5H). For all of these markers, we could not detect any
signs of differential expression along the rather flat DV axis
of the zebrafish pituitary (Figs. 4F–4H), indicating that,
already in larval stages, and in contrast to the mouse pitu-
itary, the zebrafish pituitary is patterned along its AP, rather
than along its DV axis.
Pituitary formation in zebrafish sonic hedgehog (syu)
mutants and after ectopic shh expression
Taking advantage of the existing zebrafish shh mutant,
designated sonic you (syu; Schauerte et al., 1998), we have
studied the role of Shh during zebrafish pituitary develop-
ment. Like its mouse homologue, zebrafish shh is not ex-
pressed in the pituitary itself, but in neighboring tissues,
such as ventral regions of the diencephalon, including the
future hypothalamus, and the epithelium of the oral cavity
and the foregut (Krauss et al., 1993; Barth et al., 1995).
Double in situ hybridization shows the close proximity of
shh-expressing cells of the ventral diencephalon/ hypothal-
amus and lim3-positive cells of the pituitary placode at 22
hpf, shortly before the onset of terminal pituitary cell dif-
ferentiation (Fig. 6A). At 26 hpf, shh expression is strongest
in the medial regions of the hypothalamus, adjacent to
medial regions of the pituitary anlage, while lateral regions,
forming lactotropes and corticotropes, are next to dience-
phalic cells with slightly lower shh mRNA levels (Fig. 6B).
Expression of shh in oral ectoderm and foregut starts much
later, around 36 hpf (Barth and Wilson, 1995; Krauss et al.,
1993). At 45 hpf, pituitary cells are sandwiched between
shh-positive cells of the oral cavity and foregut epithelium
on the ventral side and shh-positive cells of the hypothala-
mus on the dorsal side (Fig. 6C).
In the mouse, a possible direct role of diencephalic Shh
on pituitary formation has not been studied as yet, due to its
earlier function during the development of the ventral dien-
cephalon itself (see Introduction). However, transgenic ap-
proaches were undertaken to address the role of Shh from
the oral ectoderm. Mouse embryos expressing the Shh an-
tagonist Hip in Rathke’s pouch or the oral ectoderm display
severe pituitary hypoplasia, with a particular loss of late-
differentiating ventral cell types, while early steps of the
specification of dorsal cell types still take place (Treier et
al., 2001). In contrast, mouse embryos with ectopic Shh
expression in Rathke’s pouch display a severalfold increase
in pituitary gland volume, with a particular expansion of
ventral cell types (Treier et al., 2001).
Similar shifts in the size of the pituitary are obtained
upon gain and loss of Shh function in zebrafish embryos. At
26 hpf, shh mRNA-injected embryos display a dramatic
increase in the number of lim3-, pomc-, and prl-positive
cells, which are also found in much more lateral regions
(Figs. 6D and 6E; and data not shown), normally containing
other placodes, such as those giving rise to olfactory epi-
thelium (Whitlock and Westerfield, 2000). The opposite
phe- notype, a reduction of the adenohypophysis, is found in
shh (syu) mutant embryos, although they display rather
normal development of ventral diencephalon and hypothal-
amus (Schauerte et al., 1998). Nevertheless, the number of
prl positive cells is clearly reduced at 26 hpf, shortly after
the first pituitary cells have undergone terminal differenti-
ation (Fig. 6F). This effect of the shh mutation on the size
of the pituitary and the number of pituitary cells appears to
be progressive. At 22 hpf, shortly after the onset of lim3
expression, rather subtle differences in the number of lim3-
positive cells are observed (Figs. 6G and 6H), indicating
that the initial induction of the adenohypophysis is only
moderately affected. In contrast, at 32 hpf, the pituitary
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anlage of shh mutants is significantly smaller. It is of rather
normal AP length, but much thinner along its DV axis, with
severely reduced numbers of both differentiated (prl- or
pomc-positive) and undifferentiated (lim3-positive, prl- and
pomc-negative) pituitary cells (Figs. 6I and 6J). These de-
fects all occur before shh expression is initiated in the oral
ectoderm, suggesting that they are due to loss of Shh from
the ventral diencephalon.
In addition to the size of the pituitary primordium, loss of
Shh function also affects patterning within the adenohy-
pophysis. At 72 hpf, mutant pituitary glands display
strongly reduced numbers of pomc- and prl-positive cells
(Figs. 6K and 6L), while gh- and tsh-positive cells are
completely missing (Figs. 6M and 6N; and data not shown).
Thus, it appears that the lim3-positive cells seen in shh
mutants at 32 hpf fail to proceed through further develop-
ment, pointing to an essential role of Shh during later steps
of thyrotrope and somatotrope differentiation.
Discussion
Pituitary development serves as an excellent model to
study the formation of different cell types from a common
primordium during organogenesis. Mammalian pituitary de-
velopment is quite well understood. In particular, recent
mutant and transgenic analyses carried out in mouse have
identified several signaling proteins and transcription fac-
tors involved in the different steps of pituitary formation
and its patterning to form the different hormone-producing
cell types (for reviews, see Dasen and Rosenfeld, 1999a,b;
Kioussi et al., 1999; Sheng and Westphal, 1999; Treier and
Rosenfeld, 1996).
The genesis of the pituitary in other vertebrate classes,
including the teleosts, has not been well documented; how-
ever, there are apparent differences between mammalian,
chicken, frog, and fish pituitary development (Dubois and
ElAmraoui, 1995). In the adult adenohypophysis, the dis-
tribution of the different hormone-producing cells is highly
diverse even among different fish species (Norris, 1997).
Also, the teleostean pituitary is located closer to the hypo-
thalamus, lacking the stalk typical for mammals. Further-
more, the neurohypophysis does not form a distinct poste-
rior lobe, but several smaller protrusions into the dorsal side
of the adenohypophysis (Norris, 1997; also outlined in Fig.
5H). This might result from a different mode of pituitary
morphogenesis, consistent with the absence of a structure
equivalent to Rathke’s pouch in teleost embryos (Bond,
1996; Glasgow et al., 1997).
Given its high genetic and embryological potentials, to-
gether with the availability of mutants in several of the
genes described as essential for mouse pituitary formation,
we decided to study pituitary development in the zebrafish.
To be able to address the different aspects of commitment
and differentiation of pituitary cells, we have cloned four
zebrafish cDNAs encoding five different pituitary hor-
mones. Our studies revealed both striking differences and
striking parallels between pituitary development in ze-
brafish and mouse.
The timing of pituitary cell differentiation
Carrying out developmental RT-PCR analyses, we show
that expression of the different zebrafish pituitary hormones
is initiated in a strict temporal order, as summarized in
Table 1 in comparison to the situation described in mice
(according to Kioussi et al., 1999). The time courses in
zebrafish and mouse are very similar, with the exception of
Prolactin, which is the first to be expressed in zebrafish, but
the last in mouse.
Prolactin is the hormone with the most diverse activities
in vertebrates. Such activities can be grouped into actions
related to reproduction, water and electrolyte balance,
growth and morphogenesis, metabolism, behavior, immu-
noregulation, and effects on the ectoderm and epidermis
(Kelly et al., 1991). The evolutionary most ancient role of
Prolactin is concerned with osmoregulation, while most of
its other roles have probably been acquired later during
vertebrate evolution (Norris, 1997). In this light, the much
earlier onset of prl expression in the zebrafish might reflect
the necessity of osmoregulation in young embryos living in
fresh water, a hypotonic medium, whereas in mammals,
whose embryos develop in an isotonic environment, osmo-
regulation by Prolactin might only be important later to
control the osmotic pressure of the blood (Norris, 1997).
The mode of pituitary morphogenesis
Carrying out whole-mount in situ hybridization for the
rather early expressed pomc and prl genes in combination
with lim3 at consecutive stages of zebrafish development,
we were able to follow pituitary morphogenesis (Fig. 4).
These studies show that the zebrafish pituitary anlage is not
formed via a structure equivalent to Rathke’s pouch, involv-
ing an invagination of the oral/placodal ectoderm like in
mouse. Rather, the pituitary primordium is a solid structure
formed at the anterior edge of the developing head, at
exactly the same position where its progenitors were located
at late gastrulation and early segmentation stages (for in-
stance, as revealed by the expression of danf/rpx; Kazan-
skaya et al., 1997). Also later, no specific internalization of
the pituitary anlage takes place. Rather, it moves caudally
Table 1
Onset of pituitary hormone expression in zebrafish and mouse
Zebrafish Mouse
prl 22 hpf e17.5
pomc 24 hpf e12.5
tsh 42 hpf e13.5
gh 42–48 hpf e15.5
45W. Herzog et al. / Developmental Biology 254 (2003) 36–49
(and thereby into the head) together with the stomodeal
ectoderm during oral cavity formation. This leaves the pi-
tuitary in a subepithelial position, right dorsal of the oral
roof epithelium, and ventral of the hypothalamus. Its desti-
nation along the anteroposterior axis appears to coincide
with the position where stomodeum and foregut fuse to
form a continuous tube. Thus, it appears that, in contrast to
the mouse, positioning of the pituitary anlage in zebrafish
does not involve any pituitary-specific morphogenetic
movements. Rather, it is driven by a general invagination
and posterior movement of the entire anterior ridge domain
during oral cavity formation, pointing to a tight linkage of
the stomodeal and hypophyseal lineages, and supporting the
concept of a common stomodeal-hypophyseal placode for-
mulated in amphibia (Schweickert et al., 2000). This differ-
ent mode of pituitary morphogenesis also explains why the
fish pituitary gland will be patterned along its AP axis,
rather than along its DV axis, as in mouse.
Pituitary patterning and the spatial order of pituitary cell
differentiation
In all vertebrate classes, the different hormone-producing
pituitary cells arise from a common ectodermal primor-
dium, pointing to the existence of patterning mechanisms
that govern differential cell specifications processes in dif-
ferent regions of the primordium. In the mouse, these pat-
terning processes have been shown to take place during and
after Rathke’s pouch formation, involving ventralizing sig-
nals from the oral ectoderm, and dorsalizing signals from
the infundibulum (reviewed in Dasen and Rosenfeld,
1999a,b; Kioussi et al., 1999; Sheng and Westphal, 1999).
In zebrafish, patterning occurs while pituitary progenitor
cells are still organized as a placode at the anterior ridge of
the head. Previous analyses have revealed that expression of
the pituitary marker lim3 is initiated in a bilateral fashion in
lateral regions of the anterior ridge, separated by a region of
lim3-negative cells in the anterior midline (Glasgow et al.,
1997). However, within 2 h, this gap is closed, most likely
due to medial convergence of lim3-positive cells. The fate
of the medial lim3-negative cells is currently unclear. They
might give rise to the telencephalon, which according to fate
mapping data maps very close to the pituitary anlage (Whit-
lock and Westerfield, 2000; Woo and Fraser, 1995), and
which expresses early marker genes also found in pituitary
precursors (such as danf/rpx; Kazanskaya et al., 1997).
Alternatively, they could represent pituitary progenitors that
are specified slightly later. The latter would be consistent
with our data revealing a strict temporal and spatial pattern-
ing within the lim3 domain(s). Only 2–3 h after the onset of
lim3 expression, a defined subset of lim3-positive cells starts
to express pomc and prl, indicating their terminal differen-
tiation to corticotropes and lactotropes. These cells are lo-
cated in lateral regions of the lim3 domain, while medial
lim3-positive cells lack expression of any of the tested
pituitary hormones. This indicates that the pituitary placode
is patterned in a bilateral fashion along its mediolateral axis,
with lateral cells differentiating first and before the pituitary
anlage moves inwards (see Fig. 7; domain III). Inward/
caudal movement starts with the medial cells, while lateral
cells converge to the midline first. Thus, the mediolateral
patterning of the placode will correspond to the posterior-
anterior patterning of the later gland (see Fig. 7).
In contrast to pomc and prl, gh and tsh expression starts
rather late, after cells have moved inwards. Thus, it is not
possible to determine the initial position of the somatotrope
and thyrotrope progenitors in the pituitary placode. How-
ever, according to the outlined concept of pituitary morpho-
genesis, the gh and tsh expression patterns can be best
interpreted with somatotropes and thyrotropes deriving
from intermediate regions of the placode, therefore ending
up in intermediate positions along the anteroposterior axis
of the final gland (see Fig. 7; domain II). Differentiation and
localization of the gonatotrophes could not be studied as yet,
due to the lack of gonadotropin as a marker. However,
comparing zebrafish with mouse (see below), we expect
them to derive from medial-most regions of the placode and
to differentiate last to end up in posterior-most regions of
the final gland (see Fig. 7; domain I).
In addition to the patterning and regionalization of the
pituitary anlage into three distinct zones, we also found a
salt-and-pepper-like organization of different cell types
within each zone, such as for corticotropes and lactotropes
in the anterior zone, and for somatotropes and thyrotropes in
the intermediate zone (see Fig. 5). For the posterior zone,
patterning mechanisms are less clear. Here, the putative
melanotropes and gonadotropes might be specified in a
similar salt-and-pepper-like fashion. Alternatively, melano-
tropes might be specified together with corticotropes in the
lateral/anterior zone, from which they migrate caudally later
(see Fig. 7).
Parallels between pituitary patterning in fish and mice
In the future, it will be important to investigate how the
two different patterning concepts (regionalization and
saltand-pepper patterning) are governed on the molecular
level. As for the regionalization, it appears interesting that
the mediolateral/AP organization of the zebrafish pituitary
resembles very much the DV organization of Rathke’s
pouch in mouse. In mouse, corticotropes and melanotropes
derive from dorsal, lactotopes, somatotropes, and thyro-
tropes from intermediate, and gonadotropes from ventral
regions of the pouch (Treier et al., 1998; reviewed in Dasen
and Rosenfeld, 1999a,b; Kioussi et al., 1999; Sheng and
Westphal, 1999; Treier and Rosenfeld, 1996), similar to the
order of the corresponding hormones along the anteropos-
terior axis of the zebrafish adenohypophysis, outlined in
Fig. 7.
To test whether some of the patterning mechanism—
despite the different modes of pituitary morphogenesis—
might be conserved between fish and mouse, we have
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started to use the cloned hormone cDNAs to analyze the
available zebrafish mutants in genes involved in the patterning
of Rathke’s pouch in mouse (Shh, Bmp2b, Wnt5, Fgf8, etc.).
Shh plays an essential role during induction, growth, and
patterning of the zebrafish denohypoyhysis
As the first of the genes to be tested, we report here
results obtained for zebrafish shh (Krauss et al., 1993;
Schauerte et al., 1998).
Induction
shh mutants display normal formation of the diencephalon.
Nevertheless, induction of the pituitary primordium appears
slightly compromised. The opposite phenotype, a significantly
wider primordium, is obtained upon overexpression of shh,
suggesting a role of Shh during pituitary induction.
Previously, other mutants with much stronger pituitary
defects than shh mutants have been described. Thus, a
complete loss of pituitary induction is found in cyclops
mutant embryos, deficient in the Nodal signal Ndr2 (Glas-
gow et al., 1997; Rebagliati et al., 1998; Sampath et al.,
1998), and in morphant embryos lacking not only Shh, but
also the related protein Tiggy winkle Hedgehog (Ekker et
al., 1995; Nasevicius and Ekker, 2000; W.H. and M.H.,
unpublished data). In these cases, ventral diencephalon de-
velopment is severely compromised, demonstrating the im-
portance of the hypothalamus for pituitary induction, as
reported for mice (Kimura et al., 1996; Pabst et al., 2000;
Treier et al., 2001). However, due to the severity of the
phenotype and the possibility of secondary effects, no con-
clusions about the nature of the signaling proteins directly
involved in pituitary induction can be drawn. Our data on
shh mutants, together with the effect of ectopic shh expres-
sion, propose Shh as one of the signals generated by the
diencephalon to induce adenohypophysis development,
most likely in partial redundancy with the related protein
Tiggy winkle Hedgehog.
Interestingly, the effect of ectopic Shh to induce ectopic
pituitary development is restricted to the interphase between
neural plate and non-neural ectoderm of the head. Cells
from this region have been shown to give rise to placodal
derivatives, such as the olfactory placodes directly adjacent
to the left and right borders of the pituitary anlage, and the
lense placodes which are located more lateral/posterior
(Whitlock and Westerfield, 2000). This indicates that a large
region of the placodal field is competent to form pituitary
cells upon reception of Shh signals, which is in line with
recent reports showing that pituitary anlage and other pla-
codes share the expression of several transcription factors
(reviewed in Baker and Bronner-Fraser, 2001). Notably,
both olfactory and lense placodes respond to Shh, and both
nasal pits and lenses are reduced in shh mRNA-injected
embryos (W.H. and M.H., unpublished data; Barth et al.,
1995; Hammerschmidt et al., 1996a). In this respect, it
remains unclear why under the reverse conditions, loss of
Hedgehog signaling in you-too (gli2) mutants leads to tran-
sient ectopic lens formation in the pituitary field (Karlstrom
Fig. 7. Schematic drawings summarizing zebrafish pituitary formation and patterning. The pituitary anlage is patterned along its mediolateral axis while still
organized as a placode at the anterior neural ridge (different domains indicated by I, II, III). Later almost cells specify first into lactotropes and corticotropes
(First arrow; III 3 AM/P). Medial cells are the first to move into the head, ending up in posterior regions of the gland, while lateral lactotropes and
corticotropes converge toward the midline before moving inwards (second arrow; cell movements indicated by curved gray arrows) to end up in anterior
regions of the pituitary. Somatotropes and thyrotropes, postulated to derive from intermediate positions of the placode (II) differentiate in intermediate regions
of the pituitary after they have moved into the head (third arrow; II 3 S/T; movement indicated by curved gray arrows). Gonadotropins are hypothesized
to derive from medial regions of the placode (I) and to differentiate last in posterior regions of the gland (fourth arrow; I 3 G). The development of
melanotropes is currently unclear; however, it appears to occur in one of two possible ways (fourth arrow). They either differentiate together with
corticotropes in lateral regions of the placode/anterior regions of the gland, and move posteriorly afterwards (marked in blue). Alternatively, they could
differentiate later in posterior regions of the gland (marked in black). We favor the first possibility (blue), since this would explain the transient spreading
of pomc-positive cells shown in Fig. 4. In addition, it would be consistent with the situation in mammals, where corticotropes and melanotropes differentiate
at similar developmental stages and in adjacent dorsal regions of the pituitary anlage, despite their later localization in two different lobes (anterior and
intermediate) of the gland (Japo´n et al., 1994; Treier et al., 1998). Abbreviations: AM, Pomc-generating cells; A, corticotropes (Acth); M, melanotropes
(Msh); P, lactotropes (Prl); T, thyrotropes (Tsh); S, somatotropes (Gh); G, gonadotropes; olf. plac., olfactory placodes, adjacent to domains III of the
pituitary anlage (see Whitlock and Westerfield, 2000).
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et al., 1999; Kondoh et al., 2000), but not to the formation
of an ectopic medial nose.
Growth
The phenotype of shh mutants suggests that Shh might
govern pituitary development by several means. The initial
effects of the shh mutation on the size of the pituitary
primordium and the number of pituitary cells are rather
subtle, but become progressively more severe during the
further course of development (between 22 and 32 hpf).
This indicates that, in addition to pituitary induction, later
processes such as the proliferation and/or the maintenance
of pituitary cells are affected by the loss of Shh function.
This notion is consistent with our finding of a growth of the
population of corticotropes between 24 and 32 hpf of nor-
malogenesis.
Similar effects of Shh on the size of the pituitary as found
here for the zebrafish have recently been reported for Shh-
and Hip-transgenic mice (see above). In mouse, the defects
have been interpreted to result from altered proliferation
behavior of pituitary cells after pituitary induction (Treier et
al., 2001), although an earlier function in pituitary induction
cannot be ruled out, either (see below). Thus, it is possible
that both in mammals and fish, Shh governs the induction of
the pituitary as well as the later proliferation and/or main-
tenance of pituitary cells.
Patterning
In addition to its control of pituitary size, mouse Shh has
been shown to be involved in the patterning of the pituitary
anlage. Thus, in mutant mice, ventral cell specification (e.g.,
leading to thyrotropes and somatotropes) is blocked, while
early steps of dorsal specification (e.g., leading to cortico-
tropes) can still occur. Consistent shifts are found in ze-
brafish mutants, which lack thyrotropes and somatotropes,
while still displaying corticotropes and lactotropes (al-
though in reduced numbers, due to the effect of Shh on
pituitary cell proliferation; see above). At 32 hpf, zebrafish
shh mutants still contain lim3-positive, but prl- and pomc-
negative pituitary cells, indicating that the precursors of
thyrotropes and somatotropes are formed in the absence of
Shh, and that only later steps of their terminal differentiation
are blocked.
Sources of Shh governing pituitary formation in zebrafish
and mouse
Despite these apparent parallels in the roles of Shh in
mouse and zebrafish, there might be some differences in the
origin of Shh protein. In mouse, a direct role of Shh from
the diencephalon on pituitary formation has not been inves-
tigated as yet, due to the loss of hypothalamic development
in regular mouse Shh mutants, resulting in a complete loss
of the pituitary primordium as a secondary effect (Pabst et
al., 2000; Treier et al., 2001). To address the role of Shh
during pituitary formation, transgenic mice were generated,
expressing the Shh antagonist Hip in Rathke’s pouch. This
antagonist is supposed to block any Shh protein entering the
pouch, regardless of its orgin. However, since the same
phenotype as for the Rathke’s pouch transgene was obtained
with a transgene driving Hip expression to the oral ecto-
derm, it was concluded that it must be Shh from the oral
ectoderm, which is required for pituitary cell proliferation
and the promotion of ventral cell types (Treier et al., 2001).
Clearly, in zebrafish, shh expression in the oral ectoderm
starts after pituitary defects have become apparent in the shh
mutants. This suggests that here it is not Shh from the oral
ectoderm, but Shh from the ventral diencephalon, which is
required for pituitary induction, growth, and patterning.
Diencephalic Shh preferentially generated in the dorsal mid-
line might even induce and pattern the zebrafish pituitary in
parallel, with high Shh levels leading to the induction of
medial fates (thyrotropes and somatotropes) and lower Shh
levels to lateral fates (lactotropes and corticotropes; see Fig.
6B). According to this notion, loss of Shh would preferen-
tially affect medial cells, resulting in the loss of thyrotropes
and somatotropes, as observed in the mutants. In the future,
similar studies with other zebrafish mutants and morphants
(after morpholino antisense oligonucleotide-mediated gene
knock down; Nasevicius and Ekker, 2000) should allow
further insights into the mechanisms and genetic control of
adenohypophysis development in fish in comparison to
mammals—which might also help to recapitulate how the
pituitary was acquired and modified during vertebrate evo-
lution.
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